Human exposure studies, compared with cell and animal models, are heavily relied upon to study the associations between health effects in humans and air pollutant inhalation. Human studies vary in exposure methodology, with some work conducted in controlled settings, whereas other studies are conducted in ambient environments. Human studies can also vary in the health metrics explored, as there exists a myriad of health effect end points commonly measured. In this review, we compiled mini reviews of the most commonly used noninvasive health effect end points that are suitable for panel studies of air pollution, broken into cardiovascular end points, respiratory end points, and biomarkers of effect from biological specimens. Pertinent information regarding each health end point and the suggested methods for mobile collection in the field are assessed. In addition, the clinical implications for each health end point are summarized, along with the factors identified that can modify each measurement. Finally, the important research findings regarding each health end point and air pollutant exposures were reviewed. It appeared that most of the adverse health effects end points explored were found to positively correlate with pollutant levels, although differences in study design, pollutants measured, and study population were found to influence the magnitude of these effects. Thus, this review is intended to act as a guide for researchers interested in conducting human exposure studies of air pollutants while in the field, although there can be a wider application for using these end points in many epidemiological study designs.
INTRODUCTION
Large-scale epidemiological studies have the advantage of large sample sizes and have had major roles in establishing that adverse health effects result from exposure to ambient air pollution. These studies are generally longitudinal, sometimes prospective, and rely on central station monitoring data for the estimation of air pollutant exposures, which can introduce exposure measurement error. In addition to concerns about exposure error, populationbased epidemiology studies often rely on previously recorded and somewhat nonspecific health end points such as hospital admission or discharge, school absence, or death.
In the past 20 years, there has been an increase in panel studies, where much smaller groups of human subjects are exposed to either controlled or ambient environments, and health end points are followed over time. The sample sizes in panel studies can range from a single-digit number of participants to over one hundred subjects, and these studies have important advantages. They include the ability of researchers to conduct personal monitoring and to have greater control over exposure metrics. For example, in controlled chamber studies, participants are generally exposed to clean controlled air as well as a created environment, in which specific concentrations of pollutants or combinations of pollutants can be administered for comparison. Likewise, in field panel studies, locations can be chosen in which the levels of ambient pollutants have been estimated or characterized previously, with the intention of varying the exposure concentrations to pollutants (high vs low concentrations) or type of pollution (traffic pollutants vs regional background pollution). These exposures are relevant to human health characterization as the environments are generally natural and often well traveled for specific groups of people, such as those occurring along pedestrian walkways or in parks. These types of studies allow researchers to pinpoint dose-response relationships and explore the causality of physiological effects or biomarkers of effects. It is also possible to measure biomarkers of exposure, which can include measuring the chemical, a metabolite of the chemical, or the product of an interaction between the chemical and a target molecule or cell, although examining biomarkers of exposure is beyond the scope of the current article.
With a wide range of locations suitable for field panel studies, assessing potential changes in health effects can be difficult as equipment available in a clinical or laboratory setting cannot be easily or feasibly transferred to a field setting. Limitations such as access to electricity, equipment sensitivity to changes in ambient temperature or humidity, or space restraints can restrict researchers from exploring certain health end points. With a bit of creativity, some of those issues can be overcome, and a large number of field panel studies have been successful in assessing human biological changes in both cardiac and pulmonary function.
For all human exposure studies, noninvasive measurements of health effects decrease costs of compensation for participants, subject risks, potential sampling complications, as well as extensive training of technicians. They also facilitate increased panel size, as more prospective subjects might be willing to participate when only noninvasive clinical measurements are taken. The objective of this review is to discuss frequently used non-or minimally invasive measurements for both controlled and field panel studies, although the measurements chosen for this review are not specific to these study designs. For each health end point measurement, we summarize: (1) background information, methodology, and potential biases that can be introduced while taking each measurement; (2) clinical implications for each measurement; (3) air pollution effect studies for each measurement; and (4) modifying factors. The health outcomes reviewed include those related to the cardiovascular system, respiratory system, and biomarkers of effect collected from biological specimens.
MATERIALS AND METHODS
A literature review of human panel studies relating to outdoor air pollution was undertaken to identify noninvasive methods used to assess adverse health effects. The papers that we discuss in the subsequent sections relate to the biological measurements, and were written in English and published between January 1990 and June 2013. We excluded papers that involved research on tobacco smoke, indoor air pollution, radiation, and biomass burning. All papers were found using the PubMed database, by searching "air pollution AND" each outcome (i.e., blood pressure (BP), exhaled nitric oxide (eNO), and so on). Where there were abbreviations for each end point, such as heart rate variability (HRV), or eNO, separate searches for each term were performed and later combined. To our knowledge, the most recently approved methods for each measurement were also presented.
CARDIOVASCULAR END POINTS
Blood Pressure Measurement A. Methodology summary: BP is the measurement of the pressure in blood vessels in the systemic circulation. It is affected by blood volume, the force of the blood leaving the heart, and vessel flexibility, tone, and size. There are two common ways to measure BP: auscultatory and oscillometric. Auscultatory methods use mercury sphygmomanometers, which are the gold standard. The advantage to using auscultatory methods is minimal discrepancy across different brands of monitors. The oscillometric technique, commonly used for home or ambulatory monitoring, detects changes in blood flow oscillations; SBP and DBP are estimated from these oscillations according to empirically derived algorithms. 1 Advantages to oscillometric methods are decreased susceptibility to external noise, no mercury exposure, elimination of observer error, and increased number of readings. 1 Ambulatory monitoring, which involves continuous BP measurements, is used to obtain data for hours or days, with the experimenter setting the interval between measurements and duration of time. 2 Ambulatory monitoring is advantageous because many more measurements can be obtained compared with the other methods, allowing for a longer time-series examination. B. Recommendations for taking BP measurements: When performing a BP measurement, it is suggested that subjects be in the seated position, with legs uncrossed, and the measurement arm supported. The brachial artery is occluded by placing a cuff around the upper arm and inflating the cuff above systolic pressure. For auscultatory measurements, a stethoscope is placed on the artery just below the cuff as it deflates to listen for Korotkoff sounds. 1, 3 For oscillometric measurements, the monitor gives a BP output for SBP and DBP. It is recommended that researchers take a minimum of two readings, at intervals of at least 1 min; the average of those readings should be used for analysis; 1 however, it should be noted that in most air pollutionrelated studies, three measurements of BP are taken, with the first being discarded and the average of the last two used for analysis. In addition, if there is a greater than 5-mm Hg difference between the first and second readings, additional readings should be obtained. 1 C. Bias and artifacts related to obtaining BP measurements: In many studies, variations in the methods, as well as the number of measurements, might lead to different end results. It has been noted that in a successive series of BP measurements, the first measurement tends to be the highest. 1 Thus, only recording a single measurement might inflate the BP values used in a study. In addition, BP measured while sitting is higher than while supine, 4, 5 and can drop while standing. Therefore, although it is recommended that the subject remain seated during the measurement, it is imperative that if measurements are to be taken while standing they are done so consistently. It has also been shown that if the arm is held up by the individual, BP can increase and could potentially bias results. 1 Finally, an incorrect cuff size could bias BP values, 6 and there are guidelines available to determine the proper cuff size. 1 Between methods, additional biases can be observed. For auscultatory methods, bias can be introduced by technician variability. With ambulatory measurements, erroneous measurements can be observed as persons move around during recordings. 2 For all measurements there exists the "white coat effect", in which BP could drastically increase if readings are taken at a doctor's office or clinic. 1, 6 Clinical implications for hypertension. Increases in BP, however slight, are thought to increase the risk for cardiovascular disease (CVD). Vasan et al. 7 found that subjects classified as having highnormal BP (SBP: 130-139 mm Hg; DBP: 85-89 mm Hg) or normal BP (SBP: 120-129 mm Hg; DBP: 80-84 mm Hg) were at increased risks for CVD compared with those classified as optimal (SBP: o120 mm Hg; DBP: o 80 mm Hg). Similar findings were observed by Kshirsagar et al. 8 and Kannel et al. 9 Further, Cook et al. 10 studied the effects of small increases in DBP, and estimated that even a 2-mm Hg reduction in DBP could have prevented 67,000 coronary heart disease events (a 6% decrease) and 34,000 stroke and transient ischemic attacks events (a 17% decrease) annually for adults whose DBP was 95 mm Hg or higher (stage 1 hypertension).
Air pollution effect studies using BP measurements. On the basis of the criteria for this review, 29 papers met our inclusion criteria. These studies differed by study population (susceptible vs healthy), air pollution monitoring (central site vs personal vs a controlled exposure), pollutants measured, and methodology for measurement (single measurement vs multiple; ambulatory; oscillometric vs ascultatory).
In studies looking at healthy populations, increases in BP were associated with increasing levels of air pollution, including the pollution levels surrounding the 2012 Olympic Games in Beijing, 11 in which an 11% average increase in BP was observed between the low pollutant (i.e., during the games) and high pollutant (i.e., after the games) exposure periods. In addition, controlled diesel exhaust (DE), 12 particles with aerodynamic diameters o10 µm (PM 10 ), [13] [14] [15] ozone (O 3 ), 14 PM 2.5 , [16] [17] [18] [19] carbon monoxide (CO), 20 urban areas, 21 and sulfur dioxide (SO 2 ) 20 have all been associated with increases in BP. In one Beijing study, in which participants walked along a roadway twiceonce while wearing a facemask and another time with no facemask -BP was increased when air pollution was reduced by the facemask apparatus. 22 In an additional study looking at exposures near swine operations, with increased levels of hydrogen sulfide, increases in both SBP and DBP were observed in 101 nonsmoking adults. 23 Furthermore, in recent work, trace elemental composition of air pollutants, in addition to the mass concentration of PM 2.5 and PM 10 , gaseous constituents, elemental carbon (EC) and organic carbon (OC), and several ionic species were quantified, and were associated with changes in BP. PM 2.5 , Sr, Cl, Ni, OC, EC, F, Pb, and Mg were the pollutants responsible for the increases in SBP, DBP, and pulse pressure. 21 Increases in BP, however, have not been observed across all studies. For example, Brook et al. 24 demonstrated that when 25 healthy adults living in rural Michigan were transported to an urban location for five consecutive days of daily 4-to 5-hlong ambient air pollution exposures, the change in local air pollutants was not associated with BP. It should be noted, however, that the concentration of PM 2.5 measured was relatively low with little variability in PM 2.5 mass between the locations which could account for the lack of association. Susceptible subpopulations, including children, the elderly, asthmatics, and subjects with COPD, diabetes, and previous or current heart disease, have also participated in panel studies looking at possible associations between ambient air pollutants and BP. In these populations, increases in BP were associated with ambient PM 2.5 , 25-31 PM 10 , 27 black carbon (BC), 28, 31 OC, 32 and CO, 31 although in some studies no association or only weak associations were observed. 33, 34 For example, decreases in BP were observed in asthmatics and those with CVD in two separate studies. 19, 35 Likewise, in type 2 diabetics, decreases in BP were seen with increases in O 3 . 29 In some studies, populations were stratified by medications taken and these studies concluded that the medication status did make a difference as to whether BP associations with air pollution were observed. In one study looking at type 1 or 2 diabetics, no association between personal PM 10 and BP was observed. However, when stratified for subjects not taking vasoactive medications, personal PM 10 was positively associated with BP, whereas an inverse association between ambient PM 10 and BP were seen in subjects not taking vasoactive medications. 36 In another study, increases in BP were only observed in elderly adults taking antihypertensive medications. 37 In conclusion, most studies looking at acute changes in BP and associations with ambient air pollutants have found increases in BP with increasing levels of pollution, most notably PM 2.5 . These studies differed by BP measurement techniques, with studies using oscillometric, auscultatory, and ambulatory devices. Most studies described a minimum of 5 min of rest preceding BP measurements, while others were more vague as to their methodology and discrepancies as to whether BP was measured at rest or in the supine position. Finally, some researchers performed single measurements, whereas others performed multiple measurements. As the majority of the studies found a positive association between air pollution and BP, differences in the specific technique used to measure BP are not likely to have substantially affected the study results.
Modifying factors other than air pollution
A. Meteorological factors: Temperature is considered to be the largest confounding meteorological factor related to BP measurements, as increases in temperature, both outdoors and indoors, are associated with decreasing BP. [38] [39] [40] It has been hypothesized that decreases in temperature cause peripheral blood vessels to constrict, increasing resistance and thereby increasing BP. 40 Thus, temperature should be considered in air pollution effect studies when BP is a health outcome. B. Personal characteristics: Age, obesity, male gender, and pregnancy status have all been found to increase BP measurements. In persons who are elderly, higher SBP measurements are observed compared with those who are younger. 6 In addition, in a large-scale epidemiological study, body mass index (BMI) was positively associated with SBP and DBP. 41 However, it has been suggested that using an incorrect cuff size in people that are obese can overestimate BP measurements. 1 BP values are elevated in men compared with women, although after menopause women tend to have higher or equivalent BP values compared with men. 42, 43 Thus, menopause status can be an important factor in BP differences within females of similar ages. Finally, pregnancy can also influence BP measurements, as women who are pregnant can experience elevated BP. 1, 6 C. Other factors: There are a variety of other metrics that may influence changes in BP not associated with air pollution inhalation, and one such metric is exercise. The existence of post-exercise hypotension, or decrease in BP, has been confirmed in both normotensive and hypertensive participants, both directly after and up to 24 h after increased activity. [44] [45] [46] In addition, care should also be taken in recording BP measurements during the same time of the day, with participants getting up at the same time each morning if possible. This is to minimize in the effect of circadian rhythm on BP, which has been demonstrated in two studies. 6, 47 It is also possible that noise may contribute to changes in BP. In a study of over 57,000 participants, SBP increased in proportion with long-term residential noise levels from traffic. 48 Previous studies have also concluded that traffic-related noise is associated with hypertension. [49] [50] [51] [52] Thus, exercise, time of measurement, and noise should be recorded and discussed in field panel studies.
Heart Rate Variability Method
A. Methodology summary: HRV is the variability of the heart beat-to-beat intervals commonly measured via electrocardiograms (ECG). Variability of these intervals is normal during proper cardiac function, as cardiac output varies with respect to a response from the autonomic nervous system (ANS). 53 The ANS is separated into two divisionsparasympathetic and sympathetic, which work in opposition to each other. Sympathetic activity works to increase the heart rate (HR), dilate bronchioles, and constricts blood vessels, among other biological processes, and it is commonly referred to as the "fight or flight" response. Parasympathetic activity works to suppress the HR, constrict bronchioles, and dilate blood vessels; the parasympathetic system dominates the cardiovascular system under normal conditions by controlling the resting HR and is referred to as the "rest and digest" domain. HRV can be measured by time-domain or frequency-domain indices. Time-domain indices use HR or the deviation between normal-to-normal, (NN intervals); these intervals result from sinus node depolarizations. 54 Common metrics calculated in the timedomain for HRV include the: (a) SD of NN intervals (SDNN); (b) SD of the average of NN intervals in 5-min segments (SDANN); (c) proportion derived by dividing the number of interval differences greater than 50 ms by the total number of NN intervals (pNN50); and (d) root mean squared of successive deviations in NN intervals (rMSSD). The SDNN assesses the variance for the period of the recording selected while the SDANN is an estimate of the longterm components of HRV. 55 Frequency-domain indices, also known as power spectral analyses, delineate the sympathetic and parasympathetic components by measuring the low-frequency (LF) or high-frequency (HF) components and then separating them into their relative intensities. 55 HF variability, which is measured between 0.15 and 0.40 Hz, reflects parasympathetic modulation, whereas LF variability, measured between 0.04 and 0.15 Hz, reflects both parasympathetic as well as sympathetic modulation. 56 Very low frequency (VLF) or ultra-low frequency (ULF), measured between 0.0033 and 0.04 Hz and 0.0000115 and 0.0033 Hz, respectively, are thought to relate to thermoregulation or the peripheral vasomotor system. 57, 58 The rMSSD and pNN50 estimate HF variations in HR and are usually highly correlated. 54, 55 B. Recommendations for taking HRV measurements: Generally, for air pollution-related studies, ECG electrodes are placed on the subject and then the subject is asked to rest, usually in a dark room under stable and consistent environmental conditions, 54 for 15-20 min while the monitor records HRV information. The final 5 min of the recording are used for the analysis. Studies of air pollution and health effects have used anywhere from 3 to 12 lead Holter monitors, based on the type of information the researchers wish to obtain. C. Bias and artifact related to HRV measurements: The duration of collecting HRV measurements can influence HRV output, as variability would be expected to increase as the time of the recording increases. 59 Thus, studies of different collection times may not be comparable. In addition, the presence of artifacts such as missed R waves or spurious deletions, and missed beats or improperly labeled ectopic beats can produce erroneous results. 59 Most artifacts and missed beats can be identified when manually inspected and either removed or interpolated by the user, providing justification for manual ECG inspection by a trained person before HRV analysis. 54 Clinical implications to changes in HRV. Reduced HRV is observed in people with congestive heart failure and coronary heart disease 60 and is related to an abnormal function of the ANS, 61 as a decrease in HRV corresponds to the inability of the HR to adjust to external signals. 53 Air pollution effect studies using HRV. Measuring HRV with respect to changes in air pollution has become a popular noninvasive end point in recent years. In studies of healthy adults, the majority reported decreases in HRV with increases in air pollutants. Specifically, increases in O 3 , 62,63 nitrogen dioxide (NO 2 ), 63 trafficrelated pollutants, 64 Pseudo-ultrafine PM 0.25 , 65 coarse concentrated air particles (CAPs), 66 particles, 22 PM 2.5 , 24,67,68 ultrafine particles (UFP), 63 and SO 2 20 have led to decreases in HRV. Other studies with healthy participants showed inconsistent changes, 69, 70 increases, 71 or no change in HRV. [72] [73] [74] [75] Inconsistent changes in HRV have been noted in one study that looked at airborne elemental concentrations with respect to HRV; increases in Ca and Ni were associated with increases in SDNN, whereas decreases in SDNN were associated with higher levels of Fe. 76 In a large-scale panel study, 76 healthy participants were assessed for changes in HRV; this study concluded that decreases in HRV were associated with increases in PM 2.5 , PM 10 , sulfate (SO 4 2 − ), nitrate (NO 3 − ), and O 3 using a single-pollutant model, whereas decreases were observed in HRV for O 3 and SO 4 2 − using a two-pollutant model. 77 Finally, in the work where healthy, middle-aged adults were supplemented in a randomized, double-blinded manner with 3 g/day of either fish oil or olive oil for 4 weeks before chamber exposure to filtered air or CAPs, the fish oil supplements were found to attenuate the pollutant effect. 78 In general, some but not all of these studies suggest that certain air pollutants affect HRV in healthy subjects.
In subjects with heart disease, increases in the concentrations of EC, 79 OC, 79 were associated with decreases in HRV, although in a few studies no association with HRV, 75, 89, 90 increases in HRV 91, 92 or inconsistencies 93 in HRV measurements were observed. Other susceptible subpopulations, including elderly participants as well as participants with respiratory or metabolic disease, have also been assessed. In elderly participants, decreases in HRV have been associated with coarse PM, 94 PM 2.5 , 19,33,95-98 SO 2 , 95 BC, 99 and O 3 . 97 Increases in HRV 19, 100 or no association between pollutants with HRV 101 have also been found in this population. In participants with respiratory disease, such as COPD and asthma, no consistent results across the populations have been found. For example, in a study by Gong et al., 102 in which elderly adults who were healthy or presented with COPD were exposed to either filtered air or PM 2.5 CAPs, no change was observed for the population with COPD and decreases in HRV were seen for the healthy population. Similar results were observed between a population of healthy and asthmatic adults. 103 By contrast, one study looking at the effect of SO 2 on HRV in asthmatics and healthy populations found that SO 2 was associated with an increase in HRV for normal subjects and a decrease in HRV for those with asthma. 104 Therefore, no definitive associations between subjects with respiratory disease and HRV, with respect to air pollutants, can be made. In a group of susceptible participants with metabolic syndrome, no association between HRV and air pollutants was found in subjects exposed to DE, 105 yet greater reductions in HRV in obese verse nonobese boilermakers 106 were observed. When subjects presenting with type 2 diabetes or glucose intolerance were assessed, Hampel et al. 107 identified a genetic predisposition making them potentially more susceptible to air pollutants with regard to changes in HRV.
Using controlled human exposure protocols, some studies have concluded that there was no association between HRV and air pollutants when healthy populations were studied. 17, 74, 75, 89, 105 In addition, one controlled exposure study demonstrated that decreases in HRV were observed in an elderly population but not in a younger population, 98 whereas another group of researchers found that SO 2 was positively associated with HRV in healthy participants and negatively associated with HRV in asthmatics. 104 Studies in which decreases in HRV were observed from controlled exposures of healthy subjects found associations with increases in SO 2 , 108 O 3 , 62 PM 2.5 CAPs and O 3 , 109 coarse CAPs, 66 and PM 2.5 CAPs. 19, 102 It might be concluded from these HRV results that the type of air pollutants generated in controlled studies are less toxic to healthy participants, a synergism exists between pollutant types that are not present in controlled studies, or that gases, meteorological conditions, or another unforeseen factors are contributing to the lack of change in HRV in such studies. No further effects of exposure assessment, HRV measurement methodology, sample number, exercise, population, or study design were observed for studies that were negative for HRV-air pollutant associations.
Modifying factors other than air pollution A. Meteorological factors: It has been suggested that ambient temperature can influence measurements of HRV. In one study of 694 elderly men, increases in temperature, only during the warm season, were associated with decreases in HRV. 110 Other researchers have corroborated influences of temperature on HRV metrics, 111, 112 and, therefore, it is suggested that temperature should be considered as a modifying factor of HRV in field studies of air pollutants. B. Personal characteristics: Factors such as age, gender, and BMI have the potential to influence values of HRV in air pollution studies. When assessed for changes with age, numerous studies have shown decreases in HRV with the increasing age of participants. 60, 61, 113 Decreases in HRV were also seen when looking at females compared with males. 61, 114 When looking at how BMI might affect HRV metrics, inconsistent results have been observed. For example, one study demonstrated no correlation between HRV and BMI, 113 whereas another group of investigators observed negative fluctuations in HRV in participants who were overweight. 115 Therefore, age and gender should be considered modifying factors when analyzing for changes in HRV, with a potential influence by obesity. C. Other metrics: Changes in circadian rhythm, bouts of exercise, and posture during measurement have all been found to contribute to variations in HRV. [116] [117] [118] [119] In addition, medication use has been shown to affect HRV. For example, angiotensinconverting enzyme inhibitors in people with chronic heart disease have been shown to increase HRV, 120 whereas imipramine, an antidepressant, decreases HRV. 121 In total, many studies have looked into the changes in HRV with different medications and with subjects of varying disease status, but those are beyond the scope of this review. When studies have examined the influence of noise on HRV, one group found that increases in noise were associated with immediate HRV changes, even when adjusted for pollution exposure. 122 Other researchers observed that air pollution and noise levels were both associated with HRV changes, and effects were strengthened at higher noise levels. 123 Vascular Function Method A. Methodology summary: The arterial wall is comprised of three layers (i.e., the intima, the media, and the adventitia); each of these layers have a role in systemic circulation homeostasis. 124 The intima, or the inner layer of the arteries, is composed of an elastic membrane lining and smooth endothelium which help to regulate vascular tone and homeostasis. 125 The media and adventitia represent the middle and outer arterial wall layers; the media is composed of smooth muscle elastic fibers and connective tissue, whereas the adventitia is the outermost layer composed of connective tissue. As the key player in regulating vascular tone, the endothelium produces vasoactive substances that act to relax or constrict the vessels in the artery or arteriole. 125 The examination of endothelium-dependent vasodilatation is one noninvasive way that researchers utilize to evaluate endothelial and, therefore, vascular function.
Vascular function is commonly assessed noninvasively using a technique called flow-mediated dilation (FMD). A decrease in FMD suggests a decrease in endogenous vasodilators and therefore dysfunction of the endothelium. Commonly, FMD is defined as a marker of local NO status. 124 Because FMD is used to measure brachial artery smooth muscle dilation that is induced by endogenous NO, nitroglycerine-mediated dilation (NMD) can provide information regarding brachial smooth muscle dilation induced by a stimulus of exogenous NO. This is done by using a sublingual nitroglycerine administration before assessing the percent dilatation of the brachial artery diameter (BAD). 124, 126 In addition to FMD and NMD, peripheral arterial tonometry (PAT) tests the endothelial function of small arteries and microcirculation by looking at changes in finger arterial pulse wave amplitude (PWA). 125 Although there is a need for more mechanistic research, in general, FMD is thought to be dependent on NO bioavailability and measures macrovascular function, whereas PAT assesses changes in blood flow to measure microvascular function. 125, 127 PAT measurement is fairly operator independent, so there is little intertechnician variability. 128 Furthermore, little training is needed to perform PAT on subjects.
As another alternative noninvasive technique of vascular function, B-mode high-resolution ultrasound allows the visualization of the lumen-intima and media-adventitia interfaces within the arterial wall and has been widely used to measure intimamedia thickness (IMT). 129 This measurement is a relatively simple way to safely and inexpensively determine the IMT of large arterial walls to assess arterial stiffness; it also has been shown to be precise and reproducible. 130, 131 Other measurements of vascular function using venous occlusion plethysmography have been utilized in air pollution studies, but these measurements require inserting a needle into the dorsum of the hand and would not be considered non-or minimally invasive. In addition, it should be noted that measurements of FMD, PAT, and IMT cannot easily be done in a field setting. Therefore, any studies utilizing these techniques will require bringing participants to a laboratory or office setting or bringing a specialized medical van to the study site.
B. Recommendations for taking vascular function measurements 1. Flow-mediated dilation: Guideline recommendations for FMD measurements have been previously compiled in a report by physiologists from different research groups. 132 First, the report recommends that subjects rest in a quiet, darkened room for longer than 20 min before measurement. In addition, the measurement should be taken when subjects are supine, and the artery to be studied should not be substantially above or below heart level. To obtain FMD measurements, researchers measure the BAD before and after an increase in shear stress caused by reactive hyperemia. 124 Reactive hyperemia is achieved by occluding the brachial artery for 5 min using a pressure cuff placed on either the forearm or the upper arm, which is then inflated to suprasystolic pressure. 125 FMD is expressed as the percentage change in the final diameter of the artery at a fixed time point following cuff deflation compared with the baseline value before occlusion. Subjects should also: (1) fast for more than 6 h before measurement; (2) avoid excessive exercise for more than 8 h before measurement; and (3) avoid caffeinated or alcoholic beverages for more than 8 h before measurement. 2. Peripheral arterial tonometry: For PAT, plethysmographic finger cuffs are placed simultaneously on the index fingers of both hands for 5 min. Each finger cuff is lined with an inflatable balloon which, after inflation, creates a uniform pressure over the finger. 128 This balloon acts to clamp down on the fingertip yet prevents blood from pooling. Similar to FMD, hyperemia is induced on one arm by occluding the brachial artery for 5 min to suprasystolic pressure. The reactive hyperemia-PAT index is the ratio of the average PWA between the post and baseline values, which are then normalized to the nonoccluded arm. 125 3. Intima-media thickness: Standardized methods for collecting IMT measurements define IMT as a double-line pattern visualized by echotomography on both walls of the common carotid artery in a longitudinal image. 133 During measurement, it is suggested that the participant is to be positioned supine, neck slightly hyperextended, with the neck rotated in the direction opposite the probe. 131, 134 There has been no consensus whether automated or manual determination of echo boundaries give the best and most reproducible results. 135 C. Bias and artifacts related to taking vascular function measurements 1. Flow-mediated dilation: FMD measurements should be taken by highly trained individuals and Correti et al. 136 estimated that it might take a person several months for proper training in the technical aspects and principles of 2D and Doppler ultrasonography. As with many challenging and new techniques, inter-and intraobserver variability is a concern. One such study found that FMD had reasonable reproducibility and repeatability, with 11.6% intraobserver variability, 8.0% for interobserver variability, and 7.0% repeatability. 137 The position of the cuff has also been shown to affect measurements of FMD as occluding the upper arm rather than the forearm resulted in higher measurements of FMD. [138] [139] [140] [141] In addition, the amount of time occluding the artery has been shown in one study to affect FMD, 142 whereas another study did not find this same affect. 143 Thus, a number of protocol issues must be considered in using FMD in air pollution studies as an index of adverse effects on vascular function. 2. Peripheral arterial tonometry: Taking PAT measurements can be sensitive to the ambient temperature of the room, as this is thought to influence cutaneous circulation. 128 By providing a period of temperature acclimatization before measurement, this bias could be eliminated. Also the finger probes are sensitive to movement. Thus, any movement by the subject could produce erroneous values. 128 It is suggested that ergonomically designed hand supports be used to minimize this artifact. 3. Intima-media thickness: The reproducibility of IMT depends on the location of measurement (near and far wall vs far wall only; common carotid artery vs carotid bifurcation vs internal carotid artery), angle view of ultrasound, and whether the measurement is automated or manual. 130, 135, 144 In addition, between-laboratory and between-technician variability have been demonstrated. 135 Other differences could arise from whether the researchers choose to use the most clear image for analysis or the thickest measurement taken. 144 Clinical implications of vascular dysfunction. Endothelial dysfunction occurs in the early stage of atherosclerotic vascular damage, and NO bioavailability in the endothelium is impaired or disrupted. 124, 125 In addition, the endothelium is involved in the following atherosclerosis processes: adhesion of circulating blood cells to the cell wall, thrombus formation, and vessel wall inflammation. 125, 128 Reactive oxygen species (ROS) have also been found to degrade available NO rapidly, leading to a reduction in NO concentrations and decreased endothelial function and loss of atheroprotection actions. 128 Several studies have demonstrated that FMD is a predictor of the clinical outcome in people with CVD; 124 a meta-analysis of 23 studies including 14,753 subjects found an inverse relationship between FMD and CVD; 145 this meta-analysis also indicated that there existed a stronger relation in diseased populations. Using NMD as an independent marker of CVD is yet to be determined. 126 With respect to PAT, associations have been found with CVD and CVD risk factors. [146] [147] [148] [149] [150] Although not used clinically, IMT has been also been associated with a number of cardiovascular risk factors and acts as an indicator for coronary artery disease and atherosclerosis. [129] [130] [131] 151, 152 In addition, IMT shows a moderate, yet significant correlation with the Framingham score. 153 In a meta-analysis and review of IMT with cardiovascular risk factors, IMT has been associated with risk for stroke and myocardial infarction. 154 Air pollution effect studies using vascular function measurements. A majority of the studies using FMD, BAD, and NMD as vascular end points use healthy subjects as their target population. In the studies using controlled exposure to PM, decreases in FMD 17, 155 were observed with no changes in BAD or NMD. When healthy subjects were exposed to CAPs with O 3 , either no changes were observed 17 or only decreases in BAD were observed, with no change in FMD. 156, 157 Similarly, during a controlled exposure to DE, decreases in BAD but not FMD were observed. 158 In ambient exposure situations, NO 2 , 159 and PM 2.5 160 were associated with increases in BAD, with NO 2 increasing and PM decreasing FMD. In other settings, PM, 161 PM 2.5 , 162 SO 2 and NO, 163 traffic-related pollutants, 164 and PM 1 165 were associated with declines in either BAD, FMD, or both. In the few studies that measured NMD in healthy adults, no associations were found with the measured pollutants. 17, 156, 157, 159, 160, 162 When susceptible populations were explored, such as type 1 or 2 diabetics, decreases in BAD and increases in FMD were associated PM 10 exposure, 36 whereas subjects exposed to PM 2.5 with O 3 experienced decreases in both FMD and NMD. 166 When only type 2 diabetics were assessed, decreases in FMD were found upon increases in PM 10 . 167 Other potentially susceptible populations, such as children, experienced decreases in BAD and FMD associated with PM 10 inhalation, 168 whereas decreases only in BAD were found in nonsmoking elderly adults exposed to BC and PM 2.5 . 28 Other studies have looked at PAT and arterial stiffness in combination with air pollutants in healthy adults. In one study, healthy subjects were assessed during two scenarios: exposure to a few hours of controlled PM 2.5 exposure and during a 2-day uncontrolled ambient PM 2.5 monitoring scheme. 169 No significant changes in PAT were observed, although females experienced greater decreases in PAT in the 2-day uncontrolled ambient scenario. Another study found no association between PAT and air pollutants after exposing 29 healthy adults to controlled exposures of particle-rich or filtered air collected above a busy street. 170 A third study of participants living in rural Michigan, who were then transported to an urban location for 5 days, found no changes in PAT. 24 Finally, to our knowledge, only two studies have used IMT as a measurement of arterial stiffness in air pollution panel studies. In both chronic studies, increases in IMT were observed. One study looked at children living near a roadway and found a statistically significant difference in IMT between children residing near a main street compared with children living further away from roadway traffic, although no pollution measurements were taken. 171 The other study looked at IMT within a group of toll workers compared with a healthy control group and concluded that IMT was increased in the cohort of toll collectors. Importantly, exposure duration played an important role and those that had worked the longest had a significantly greater IMT. 129 Thus, both healthy and susceptible populations exposed to pollutants experienced changes in vascular function, as assessed by measuring FMD, BAD, or IMT, and in some studies NMD. It appeared that the outcome was based on the pollutant typespecifically when using controlled environments to generate pollutants. However, in healthy populations, no significant air pollution-associated changes in PAT were observed. These measurements require sophisticated equipment and should be taken by highly trained personnel, which limits their use in field studies or mobile laboratories.
Modifying factors other than air pollutants
A. Meteorological factors: Decreases in temperature have been associated with decreases in FMD 172 and increases in BAD 173 in type 2 diabetics, and decreases in temperature have been associated with decreases in FMD in subjects without clinical evidence of CVD. 174 In addition, BAD has been demonstrated to be positively associated with ambient water vapor, 173 suggesting that ambient meteorological conditions can influence vascular function measurements. B. Personal characteristics: Age and gender have been shown to influence FMD and IMT measurements. FMD was found to decrease with increasing age at a different rate based on gender. 175 IMT has been found to increase with increasing age and is higher in males compared with females. 176, 177 Also, as part of the Framingham Third Generation Cohort, comprising of~2000 subjects, age and being female were positively related to PAT ratio, whereas BMI was inversely related. 148 C. Other metrics: Exercise, commonly used in air pollution panel studies, may also be a confounding factor for FMD measurements as various studies have demonstrated that acute exercise affects FMD. [178] [179] [180] [181] In addition, alcohol, caffeine, diabetes, fasting blood glucose, smoking status, food intake, medication use, and circadian rhythm have been shown to influence FMD, PAT, or IMT measurements. 125, 149, 150, [182] [183] [184] [185] [186] [187] It is also speculated that noise can influence vascular function measurements. 188 
RESPIRATORY END POINTS Lung Function Method
A. Methodology summary: Every day, humans inhale~10,000 l of ambient air. 189 This inhaled air comes into contact with over 100 square meters of lung surface area. 189 Therefore, on a daily basis, the respiratory tract comes into contact with large volumes of air and its components. Any harmful substances within the air can be retained in the lungs after exhalation, causing local adverse health effects depending on their deposition and clearance.
One type of lung function test called spirometry measures the volume of air person inhales and exhales as a function of time. 190 The most commonly measured components in spirometric tests are forced vital capacity (FVC) and forced expiratory volume in 1 s (FEV 1 ). FVC is the volume expelled during forceful expiration after the completion of a full inspiration. FEV 1 is the volume of air expired in the first second of an FVC maneuver. All volumes are expressed in liters (l) at BTSP (body temperature, ambient pressure, and saturated with water vapor). In addition, the peak expiratory flow (PEF) is often measured using a peak flow meter. This value represents the largest expiratory flow rate obtained after maximum inspiration. Lippmann and Spektor 191 showed, in healthy children, that PEF measured by spirometry was highly correlated with field usable miniWright PEF meters. B. Recommendations for taking spirometry measurements: In 2005, the American Thoracic Society and European Respiratory Society (ATS/ERS) Task Force created a "Standardization of Spirometry" document, which published a proposed standard procedure of obtaining lung function measurements. 190 In brief, to obtain spirometric values, the researcher must first properly calibrate the instrument. Next the researcher should explain the purpose of the test to the subject and prepare the subject by asking about their health status, smoking history, medication use, and obtaining their weight and height without shoes. The researcher then, ensuring the subject assumes the correct posture of standing up straight, attaching the noseclip, and placing the mouthpiece in their mouth forming a tight seal, instructs the subject to breathe normally. After a few normal breaths, the researcher tells the subject to inhale completely and rapidly, pause for about 1 s at total lung capacity, and exhale forcefully for 6 s until no more air can be expelled. The guideline suggests that after obtaining three acceptable spirograms from a subject, the two largest values of FVC and FEV 1 must be within 0.15 l of each other. If the largest values do not meet the criteria, testing should continue until this is satisfied, or a total of eight tests have been performed (optional), or until the volunteer should not or cannot continue. C. Bias and artifact related to spirometry measurements: Lung function tests require the cooperation of the subject and examiner. 190, 192, 193 Thus, proper enthusiastic coaching of the subjects throughout the test is required to minimize effortdependent variability. Subject comprehension may also influence the lung function values obtained, for if they do not understand the procedure and what they are required to do, erroneous results could occur. 194, 195 It has also been shown that reductions in FEV 1 are found when inspiration is slow and/or the subject pauses too long (4-6 s) at total lung capacity. 196 The use of inappropriate reference values can also influence spirometry measurements; it is recommended that NHANES III references values should be used to calculate predicted values. 193, 194 In addition, the number of trials conducted might influence the results 194 as well as the choice of results to be presented (i.e., maximum values, average values). 197 Clinical implications of changes in lung function. Spirometry is an important technique for the determination of general respiratory health. 190 FEV 1 measurements can give insight into obstructive breathing, 198 as a decrease in FEV 1 can correspond to obstructive lung disease. Examples of obstructive lung diseases include asthma and COPD. On the contrary, if restrictive breathing is observed, both FVC and FEV 1 can be decreased. 199 Examples of restrictive lung diseases include acute respiratory distress syndrome and pulmonary fibrosis.
Air pollution effect studies using spirometry. Many studies of lung function and air pollution focus on children because: (1) an evolving child's immature lungs may be more vulnerable to permanent adverse changes, (2) children inhale a higher volume of air per body weight compared with adults, and (3) children tend to spend more time outdoors thereby increasing their exposure levels. 189 A recent review article has previously examined studies of children, lung function and respiratory measurements, and air pollution from manuscripts published between 2000 and 2011. 200 This review found that particles and NO 2 were more significantly associated with negative changes in lung function, whereas studies looking at SO 2 were inconsistent. A few studies also uncovered a possible protective effect of O 3 with this population, although any effect of O 3 on lung function can be attributed to its co-correlation with temperature measurements and inverse relationship with particle concentration. This review also determined that more detrimental changes in lung function were found in asthmatic children compared with healthy children exposed to air pollutants. As this recent review article focused on the lung function changes of children exposed to air pollutants, studies of children will not be discussed in this section.
Thirty panel studies fit the criteria for this review, with the exclusion of children. In a number of studies, no significant changes in lung function were observed in a variety of populations (i.e., healthy, asthmatic, as well as those that were elderly, had a previous MI, ischemic heart disease, or COPD). Within these, three studies investigated the influence of trafficrelated pollutants, [201] [202] [203] three studies exposed subjects to coarse or PM 2.5 CAPs, 19, 102, 103 three studies used ambient pollution levels, 34, 86, 204 two studies used controlled NO 2 atmospheres, 205, 206 and one study used PM 2.5 CAPs and NO 2 . 207 In a randomized crossover study of road tunnel ventilation stack exhaust, no adverse changes were noted in a population of both asthmatics and healthy subjects. 208 In addition, one study found increases in lung function (i.e., FEV 1 ) with NO 2 concentrations using a crossover design, in which cyclists were randomly asked to cycle along a high-traffic, low-traffic, or indoor route for 1 h. 63 Another study found increases in FEV 1 with coarse PM components in participants with COPD. 209 The remaining studies found significant decreases in lung function measurements after exposure to air pollutants. Within healthy subjects, exposures to O 3 , 62,210 crude oil, 211 petrol, 212 PM 10 , 213 NO 2 , 214 PM 2.5 constituents, 215 and urban ambient air 216 were explored. Within susceptible populations, subjects with COPD experienced decreases in lung function upon exposure to PM 2.5 . 204 Asthmatics exposed to traffic particles, 217 UFP, 218 NO 2 , 204 ambient PM, 219 controlled diesel exhaust, 220 and nitrous acid 221 also had decreased lung function parameters following exposures. In elderly populations or those with an unknown health status, exposures to CAPs 207 and ambient conditions after a hike, 222 respectively, showed decreases in lung function.
The majority of studies assessing changes in the lung function of adults following air pollution exposures found decreases in FEV 1 and FVC, and these were associated with gaseous oxidizing pollutants (i.e., O 3 and NO 2 ) as well as particulate matter. These results were observed regardless of the exposure scenario (ambient exposures vs controlled exposures) and the health status of the participants.
Modifying factors other than air pollution A. Meteorological factors: Meteorological conditions (i.e., temperature, relative humidity, and barometric pressure) are potential confounders of lung function measurements, due to changes in the gas contraction or expansion of the expired air. 190 Most devices require input for these measurements, but if large temperature changes are observed, the correction coefficient might not fully adjust. 223 B. Personal determinants: Spirometric values differ based on sex, height, age, and ethnicity. It has been estimated that 30% of the variability in lung function measurements comes from gender and 20% originates from height differences. 194 Specifically, males tend to have greater lung function compared with females, and taller people typically have higher lung function values compared with shorter people. 195 Age has also been shown to influence predicted lung function values. During adolescence, there is a sharp increase in lung function, but lung function will gradually decline in the later years. 195 When lung function was assessed for people of differing ethnicity, researchers have found that Caucasians generally have the highest lung function values compared with Mexican Americans and African Americans. 195 Thus, personal characteristics have an important role in normal lung function parameters. C. Other metrics: Other sources of noise in lung function measurements include: occupation, smoking status, and socioeconomic status. 194 Diurnal variability has also been suggested to influence spirometry values, as well as seasonal changes. 194 Smoking status, whether it be current smokers, past smokers, or never smokers, may also influence lung function measurements. 224 Exhaled Nitric Oxide Measurement A. Methodology summary: The presence of nitric oxide (NO) in the exhaled breath of healthy, human subjects was first reported by Gustafsson in 1991, and eNO has become a commonly used biomarker for measuring inflammation in the lower airways. 225, 226 In the respiratory system, the enzyme nitric oxide synthase (NOS) catalyzes the conversion of L-arginine to L-citrulline, producing NO as a byproduct. 227, 228 Three different isoforms of NOS exist: endothelial NOS (eNOS), neuronal NOS (nNOS), and inducible NOS (iNOS). iNOS is found in many different cell types and tissues, and is upregulated in response to immune insults such as inflammation. It is presumed that changes in eNO originate from the iNOS isoform, found in bronchial epithelial cells. [229] [230] [231] Advantages of using eNO as a biomarker of respiratory inflammation include the noninvasive nature of the test and the easy use in volunteer subjects of all ages. 232 This allows researchers and clinicians to quickly and easily assess changes in airway inflammation. Many studies have confirmed that eNO measurements are both reproducible and repeatable, suggesting that a single measurement is sufficient for analysis. 225, [233] [234] [235] In addition, and more specifically with the offline method, eNO can be collected at remote sites and brought back to the laboratory for analysis, allowing researchers more flexibility for field studies. 236 Finally, it has been determined that there is no learning effect for this end point. 235 B. Recommendations for taking measurements: There are two ways to measure eNO in humans: offline or online. An offline method involves the subject first inhaling to total lung capacity and then immediately performing a slow exhalation against an expiratory resistance into the reservoir or collection deviceusually a Tedlar or Mylar balloon. The balloons are brought back to a laboratory after collection and NO is then measured via chemiluminescence analyzers. An online method of measuring eNO involves breathing through a device in which the individual first inhales NO-free air to total lung capacity, followed by exhalation at a consistent flow rate. For use as a medical diagnostic device, the Niox Mino was cleared by the US Food and Drug Administration (FDA) as an online eNO monitoring system. 237 Jointly, ATS/ERS has published standardized procedures for both offline and online measurements of eNO. 236 C. Bias and artifacts related to taking eNO measurements: When spirometry has been performed before eNO measurements, a reduction in eNO has been observed continuing up to 8 h after spirometry, and it is recommended that eNO analysis be completed before lung function assessments, [238] [239] [240] although, not all work has corroborated this finding. 241 In addition, if a subject holds their breath upon inhalation, this may lead to erroneous values and should be discouraged. 236 It has also been shown that variation between measurement types and devices could influence comparison between results. In a study where participants had eNO measured three times with five different devices, eNO values differed among devices. 242 Additional work on this topic has been inconsistent, with results yielding both good and poor correlations between devices. 233, [243] [244] [245] Finally, ambient NO can potentially influence eNO values if the inhaled air of the subjects is not sufficiently scrubbed or the ambient NO levels are relative to those in exhaled breath.
Clinical implications of eNO. Associations between airway inflammation and eNO are supported by numerous studies. Increased levels of eNO are found in people with asthma compared with healthy people. [246] [247] [248] [249] This has led to online measurements of eNO gaining FDA approval for monitoring therapy applications in this population. 237 In addition, eNO levels have been found to decrease in asthmatics after use of anti-inflammatory agents such as corticosteroids, but not with treatments that act to relax the airways, such as bronchodilators. 250 This helps to support the biological plausibility of eNO as a marker of lung inflammation.
Air pollution effect studies and eNO. Since the late 1990s, eNO measurements have gained popularity as a noninvasive biological end point for lung inflammation in air pollution studies. In a recently published review article, the authors observed correlations between eNO and traffic-related pollutants regardless of the time lag investigated. 251 In healthy populations, increases in eNO have been associated with exposure to benzene, 69 PM 2.5 , 63 particle number, 252 soot, 252, 253 UFP, 218, 253 CO, 254 DE, 255 NO, 254, 256 urban environments, 257 and poor air quality prior and directly following the Beijing Olympics. 258 Within healthy populations, some researchers have reported no increases in eNO 103, 205, 259, 260 or decreases in eNO. 261 In studies looking at eNO in healthy children, however, positive associations have been observed with air pollutant exposure including BC, 262,263 PM 10 , 264 PM 2.5 , 246, 247, 263, 265 NO 2 , 247 NO, 263 and O 3 . 247, 266 In a cohort of 68 children of unknown disease status living in urban areas, eNO was associated with PM 10 , BS, NO, NO 2 , and CO. 267 In another recent study, 103 children of varying health status were assessed for changes in eNO when their daily alveolar surface area deposited particle dose was calculated. The results of this work suggested that increases in eNO were observed with increased particle dose in children with asthma and children with a high dust mite (HDM) allergy without asthma but not in non-HDM allergic children without asthma. 268 To our knowledge, no negative associations of air pollutants in the eNO of healthy children have been documented.
In air pollution studies, asthmatics are considered a potential susceptible population who already exhibit some degree of lung inflammation. When asthmatic adults have been investigated, O 3 , 269 SO 2 , 269 PM 10 , 34 PM 2.5 , 34 and BC 34 have been positively associated with eNO. In a study of asthmatics, separated by medication status, associations between eNO and air pollutants, specifically NO 2 and PM 10 , were observed. Specifically, stronger associations were observed for participants who were currently taking medication, suggesting that medication did not counteract the effects of air pollutants. 270 Only three studies of adults with asthma have concluded that eNO was not associated or decreased with air pollutants. 103, 217, 218 In asthmatic children, associations between increased eNO has been observed for volatile organic compounds (VOCs), 246 276 in which 45 asthmatic children were monitored for 10 days, positive associations were found between eNO and personal PM 2.5 , personal EC, personal NO 2 as well as ambient EC, ambient OC, and ambient NO 2 . Thus, as for healthy children, studies in children with asthma have consistently reported that increases in eNO correlate with exposure to air pollutants.
Other susceptible populations screened for eNO include the elderly, children who are atopic and wheezing, responders during the World Trade Center (WTC) attack, and subjects with COPD. In two similar studies involving elderly participants, elevated eNO was associated with increases in PM 2.5 and NO 2 , 277 as well as with secondary organic markers, coarse PM, and O 3 . 278 Likewise, in children presenting with allergies, pollen, NO 2 , CO and PM 2.5 were associated with increased eNO, 279 and among wheezing children, VOCs were positively associated with eNO. 280 When a cohort of WTC responders were assessed to evaluate whether underlying respiratory diseases could be measured using eNO, Mauer et al. 281 found that WTC responders, compared with a control group, did not have significantly greater eNO. However, within the WTC responders, those who were exposed to high dust concentrations exhibited greater eNO compared with those exposed to low dust concentrations. Finally, no associations were observed with any pollutants in subjects having COPD. 34 It appears that controlled exposure studies accounted for the majority of studies showing a lack of association between eNO and pollutants, regardless of health status. 103, 205, 259, 261 This could be attributed to controlled exposures requiring alternating periods of exercise that decreases eNO, ambient pollutants being more toxic, or multiple pollutants affecting lung inflammation. Two additional studies that found no association between ambient pollutants and eNO also involved exercise, suggesting that the decrease in eNO following exercise might counteract an increase in eNO resulting from pollutants. 217, 260 Modifying factors other than air pollution A. Meteorological factors: In subjects with COPD, where eNO values were measured at various times during a span of a year, increases in eNO values were seen during the Fall and lowest during the Spring. Independent of season, the researchers also found that eNO concentrations increased with decreasing temperatures. 282 In a study of asthmatics exposed to cold air, no changes in eNO concentrations were observed. 283 Thus, it is possible that ambient temperature could influence eNO values but more research is needed on this topic to draw any definite conclusions. B. Personal characteristics: In looking at gender differences, males have generally had higher eNO levels than females, 249,284-286 although this was not supported in all research. 287 Likewise, taller subjects had been shown to exhale higher levels of eNO compared with those who are shorter, 286 potentially due to a height-dependent increase in the total lung surface area. 234 It is also thought that ethnicity may have a role in eNO, as two separate studies have shown that non-Caucasian subjects had higher measured eNO levels compared with Caucasian participants. 287, 288 Age might also influence eNO, as studies have demonstrated correlations between increasing concentrations of eNO and age. 289, 290 C. Other metrics: Smoking status, either actively or passively, can lead to changes in eNO levels. It has been found in previously published work that smokers had lower eNO levels compared with nonsmokers. 249, 291, 292 Although the mechanisms for this decrease are unknown, it has been suggested that this reduction in eNO might be mediated by feedback inhibition due to high levels of NO in cigarette smoke. 234 Researchers have also investigated whether an association exists between circadian rhythm and eNO, and inconsistent results have been found. [293] [294] [295] There might also be potential for changes in eNO due to food and beverage consumption. Olin et al. 296 placed healthy participants on a nitrate-restricted diet before a challenge with a nitrate-rich meal; eNO was found to increase after the meal. Further, there have been inconsistencies as to whether caffeine affects eNO. 297, 298 Other potential influences include using mouth wash, 299 and drinking alcohol 300, 301 or water. 302 The effect of exercise on eNO tends to be complicated: a fall in eNO is found with increasing exercise, 239, 303 but when corrected for increased ventilation rate directly following exercise, an increase in eNO is actually observed. 304 The atopic status of individuals has also been found to influence eNO, 249, 286 as well as other respiratory diseases, such as COPD 249, 277 and individuals presenting with upper respiratory tract infections. 305, 306 Thus, many external factors have been shown to influence eNO values and studies should be designed to take these metrics into account.
Exhaled Carbon Monoxide Measurement
A. Methodology summary: Exhaled CO (eCO) originates from exogenous CO from environmental exposures; from nonheme origins such as lipid peroxidation, xenobiotics, or bacteria; or from the breakdown of heme molecules by the microsomal stressresponse heme oxygenase enzyme (HO-1). [307] [308] [309] [310] [311] The CO, generated within the tissues, stays within the tissues, where it acts as a neurotransmitter or neuromodulator. 312 Over time, CO can diffuse into the vasculature, bind to circulated hemoglobin, and be expired. 312 Although HO-1 is ubiquitously distributed throughout the body and expressed in many organs, HO-1 may be induced in various cells, including epithelial and endothelial cells within the respiratory system. 310, 313 Increased expression of HO-1 is triggered by inflammatory mediators, oxidants, proinflammatory cytokines, airway viral infections, and ROS. Therefore, eCO may be an important biomarker of inflammation and oxidative stress (OS). B. Recommendations for taking eCO measurements: eCO can be measured noninvasively with an electrochemical sensor in an easy-to-use portable device. 314 To measure eCO, subjects take in a deep inhalation, hold their breath for 15-20 s, and then exhale into the unit. 307, 311, 315, 316 The breath-hold allows for the amount of CO expired to be in equilibrium with the concentration of carboxyhemoglobin in the blood. 307, 317 Unlike eNO, eCO measurements do not depend on airway flow. 310, 311 Measurements of eCO are also reproducible, making their measurements not only easy to perform but also precise. 311, 316, 318 C. Bias and artifacts related to taking eCO measurements: While performing measurements, hypo-or hyperventilation can also affect eCO values. For example, hypoventilation can impart a small increase in eCO, whereas hyperventilation can cause a small decrease in eCO. 319 In addition, environmental exposure to CO may affect eCO measurements, potentially giving falsely high results. 311, 320 High ambient (e.g., near traffic) or indoor (e.g., secondhand smoke) CO concentrations should be avoided where eCO is being measured.
Clinical implications of eCO. CO in the body is involved in cell signaling, vasodilation, and relaxation of the blood vessels; it also acts as a neurotransmitter and as an antioxidant, anti-inflammatory, and anti-apoptosis molecule when formed endogenously. 310 Therefore, eCO has been implicated as a biomarker of effect for many airway-related diseases, including allergic rhinitis, 321 COPD, 322 respiratory infections, 323 airway obstruction, 324 cystic fibrosis, 325,326 sepsis, 327 diabetes, 328 and asthma. 316, 329 Increased levels of eCO were also found to predict future metabolic syndrome and CVD events. 330 These associations have not been corroborated in all studies however. 331 Air pollution effect studies using eCO measurements. Although measurement of eCO is routine in assessing exposure to cigarette smoke, only a handful of studies have used measurements of eCO in air pollution studies, and only two have shown a significant effect of pollution. In a study in which children in rural and urban Mongolia were compared for differences in eCO, urban children exhaled twice as much CO. 315 In a controlled human exposure study, participants were exposed in a case-crossover design to either filtered air or DE, and increases in eCO were associated with diesel exposure. 318 In three other studies, however, no association was observed when (1) PM 10 was measured and eCO was collected from roadside vendors and compared with indoor shop assistants; 213 (2) traffic workers were analyzed concurrently with polyaromatic hydrocarbons (PAHs) and ambient CO; 332 and (3) store workers were assessed for ambient and indoor CO. 333 Thus, with so few studies using eCO as a health outcome, it appears too early to make any informed decision as to its use as a suitable noninvasive biological measurement following air pollution exposures.
Modifying factors other than air pollutants A. Meteorological factors: To our knowledge, no studies have identified whether temperature or humidity can influence eCO values. B. Personal characteristics: Limited personal characteristics have been studied with respect to eCO concentrations. One characteristic, gender, has been found to influence eCO measurements, where greater amounts of CO exhaled were found in men compared with women. 330, 334, 335 Age has also been assessed as a covariate for eCO, and studies have demonstrated that eCO was inversely associated with age. 330, 335 Finally, increases in BMI have been associated with increases in eCO concentrations. 330 C. Other metrics: eCO has been used as a measurement of tobacco smoking status and exposure to secondhand smoke, as it has been estimated that CO in exhaled breath can be detected for hours after the last cigarette is smoked. 315, 336 Thus, secondhand tobacco smoke exposure should be limited before taking eCO measurements.
BIOMARKERS

Biomarkers in Induced Sputum
Method A. Method summary: Sputum induction is a useful, semi-invasive method for determining inflammatory cell influx and the acellular composition of the conducting airways. Sputum induction is often used as a surrogate for brochoalveolar lavage, which is invasive, expensive, not suitable for large-scale studies, and can be contaminated with blood. 337 It has been suggested that due to the expertise necessary for obtaining induced sputum (IS), it is mainly limited to research institutions or specialist centers. 338 Sputum induction refers to subjects first inhaling an aerosol of saline over a predetermined time period and then producing timed, forced expectoration efforts. 251 Biomarkers are then measured in the expectorate to assess possible inflammation or oxidative stress. B. Recommendations for taking IS measurements: A preferred method for collection of IS has been outlined in a review article on biomarkers for asthma outcomes. 339 In brief, this method outlines (1) pretreatment of asthmatic subjects with albuterol; (2) inhalation of a 3% sterile, freshly made saline solution for 12 min;
(3) at a minimum of 2 min intervals, subjects are asked to spit saliva into one cup before coughing sputum into another cup; (4) the whole expectorate is mixed with an equal volume of 10% dithiothreitol; (5) the sample is homogenized in a shaking water bath for 15 min with intermittent aspiration of samples by a transfer pipette; and (6) aliquots of sample are cytocentrifuged and subsequently analyzed. In addition, either PEF or FEV 1 is measured at 2 min intervals because saline inhalation can cause bronchoconstriction in susceptible individuals (pretreatment with albuterol should minimize this risk). 340 A secondary method involving the analysis of mucus plugs has also been developed for asthmatic subjects. This method follows the same pretreatment, but subjects inhale 0.9, 3, 5, and 7% saline solutions at 5-10 min intervals. Sputum is expectorated into a container from which mucus plugs at these concentrations are collected and processed in a similar manner to the whole expectorate process above. This method minimizes the saliva in the sample and can increase the concentration of desired cells, but is more complex, may overrepresent certain cell types, and is not suitable for healthy subjects. 341 Regardless of the methodology, it is suggested that the data be reported in % differentials of inflammatory cells per a manual count of 400 inflammatory cells [338] [339] [340] and that ultrasonic nebulizers be used for the inhalation of the saline solution. 340, 342 In addition, the percentages of cell viability, total cell count, and squamous cell contamination should be noted.
There are potential limitations to saline aerosol-induced IS, including the unpleasant saline taste, time-consuming nature of obtaining cell differentials, risk of bronchoconstriction, and possible induction of coughing or vomiting during sampling. [338] [339] [340] [341] 343 Therefore, the procedure should be completed by a trained technician under the guidance of an experienced physician and resuscitation equipment should be available. 251, 340 In addition, it has been estimated that 70-100% of children have been able to produce adequate sputum for collection. 344, 345 In healthy adults, an 80-90% success rate of IS was measured; 346, 347 however, in the air pollution-related studies conducted and described below, adequate samples were only collected from 40% to 100% of the study populations. Finally, the ATS has advised against using IS in subjects aged 8 years or less. 343 The advantages of IS include its noninvasive nature and good reproducibility. 348, 349 C. Bias and artifacts related to IS measurements: It has been suggested that variability in the IS techniques across the published papers are thought to contribute very minimally to differences in interpretation or success of the analysis in asthmatic subjects, 338, 343, 350 as long as the duration of the sputum induction is kept constant. 341 In addition, complexities in the analysis, such as fasting, mouth washing, procedures longer than 12 min, and even using mucus plugs compared with full expectorate analysis appear to make little difference in the results. 341 Similarly, one study demonstrated that variation in the concentration of nebulized saline did not influence total or differential cell counts; 351 however, the type of nebulizer used in sputum induction may influence study results. In a comparison of ultrasonic and compressed air nebulizers using hypertonic and isotonic saline, the combination of ultrasonic nebulizers and hypertonic saline were more effective in sputum induction. 342 The advantage of this method is its simplicity, although saliva may dilute the sputum sample. 341 Factors influencing the success rate of IS include whether the IS was done with a bronchodilator pretreatment, the subject population chosen, the coaching of the operator, and whether the participants had previously undergone IS (i.e., learning effect). 345 Finally, frequent repetition in sampling can induce persistent inflammation in IS from 6 to 48 h post initial induction. 352 Owing to this apparent procedural-induced inflammation, it has been recommended that multiple measurements of IS be avoided unless sufficient recovery time has occurred.
Clinical implications of biomarkers in IS. IS, and more specifically eosinophil count collected from IS, has been used to help predict asthma phenotype, aid in occupational asthma diagnosis, and assess the potential corticosteroid response in asthmatics. 338, 339, 353 It should be noted, though, that sputum inflammatory profiles were found to be inconsistent over time, limiting the reliability of sputum markers for predicting asthma phenotypes and limiting their use for diagnostic and therapeutic use. In addition, IS has been used in studies of people with COPD, which reported increases in sputum neutrophils. 354 Associations between cell types examined in IS and various diseases have been found to include HIV, lung cancer, tuberculosis, cystic fibrosis, and chronic cough. 337 Air pollution effect studies using biomarkers measured in IS. IS has been used in various air pollution-related studies examining controlled vs ambient environments or comparing urban vs rural locations. Most studies, however, have not reported the percentage of adequate samples collected, although in those that did, adequate samples ranged from 40% to 100% of the study population. Sample adequacy can influence the presence or absence of observed associations, especially in studies with small sample sizes.
Many IS studies have compared differences in cell types across two unique populations differing in pollution levels or sources. For example, when healthy traffic policemen were compared with clerks working indoors, sputum recovered from traffic policemen showed significantly greater percentage of neutrophils, macrophages, and the mean number of dust-containing cells. 355, 356 In addition, when cell types were compared from residents living in a rural area compared with an urban location, the urban-residing people had elevated alveolar macrophages and siderophages. 357 Similar results were observed in children from urban and rural locations. 358 Controlled exposure studies of IS and air pollution have also compared susceptible and healthy subjects. One study found that the total count of columnar epithelial cells was the only sputum variable to significantly differ when both asthmatics and healthy subjects were exposed to PM 2.5 CAPs, although there was no difference between the groups. 19 In two additional studies from the same research lab, healthy subjects and elderly subjects with COPD were exposed to combinations of PM 2.5 CAPs and NO 2 . Exposure to CAPs was associated with decreased percentages of columnar epithelial cells in one but not the other study; this decrease was larger in the healthy population. 102, 207 In addition, susceptible populations such as diabetics and asthmatics have also represented the target population of studies examining possible air pollution-driven changes in biological end points. When diabetics were assessed for markers in IS with respect to air pollutants, a positive association between the carbon load of airway macrophages and proximity of their residence to a roadway was observed. 359, 360 In asthmatics, air pollution-based IS measurements have found associations of increased myeloperoxidase, IL-8, neutrophils, eosinophils, eosinophil cationic protein (ECP), neutrophil elastase, total cell number, and IL-6 with exposure to DE, SO 2 , traffic-related exposure, UFP, and O 3 . [361] [362] [363] [364] [365] On the contrary, one study of asthmatics has shown no effect when exposed to traffic from a road tunnel. 217 This study, though, looked at 14 mild asthmatics and only six were able to produce adequate sputum samples, with four being treated with inhaled corticosteroids.
In healthy populations, increases in neutrophils, myeloperoxidase, GM-CSF, IL-1B, IL-6, and methylhistamine have been observed when subjects were exposed to DE plus O 3 , 366 DE alone, 367 O 3 alone, 368 and endotoxin. 369 Only one study of a healthy population, in which subjects cycled at both high and low pollution locations and total and differential cell counts were obtained, failed to find positive associations with this end point. 201 Thus, the majority of studies utilizing IS in relation to air pollutant exposures have found increases in inflammatory-related proteins and cells. Although it may be difficult to obtain adequate samples from subjects, this noninvasive measurement is promising in its ability to detect inflammation markers in the airways associated with the inhalation of toxic air pollution.
Modifying factors other than air pollution
A. Meteorological factors: In a study where mild asthmatics spent 24 h in a cold indoor ski area, increases in sputum neutrophils were observed compared with pre-exposure values, suggesting that temperature can influence the concentration of inflammatory-related mediators measured in IS. 283 B. Personal characteristics: A variety of personal characteristics have been assessed as potential covariates in studies of cell differentials taken from IS. Among these, age, gender, atopy, and asthma have been shown to have a role, whereas BMI has not been correlated with changes in cell count. When assessing for age differences in specific cell counts, one study found that neutrophil counts correlated significantly with age whereas macrophage counts were inversely correlated. 370 Furthermore, results from one study found that females had a significantly higher, albeit small, concentration of eosinophils compared with males, 346 suggesting a gender influence. Atopic and asthma status have also been shown to influence IS measurements; eosinophil count was elevated in atopic individuals compared with those that were considered non-atopic, 346 and asthmatics were found to have elevated eosinophil counts compared with those without asthma. 371 No influence of BMI, however, has been found with differential cell types in IS. 371 Therefore, personal characteristics may be important when analyzing for differential cell counts using IS. C. Other metrics: There are a few other metrics that researchers might want to consider if applying measurements of IS to their studies, such as circadian rhythm fluctuations, smoking status, and the use of exercise. First, circadian rhythm differences might influence some IS measurements. For example, a healthy cohort of subjects displayed higher cell counts in the morning compared with the evening. 372 Circadian variability was also found in leukocytes and eosinophils measured in subjects with asthma. 373 Smoking has also been shown to affect IS cell differentials, as smokers were found to have a higher percentage of macrophages and lower percentage of neutrophils in their sputum. 374 In a study of COPD subjects, incremental exercise was associated with increases in sputum eosinophils, yet reductions in IL-6, IL-8, and CCL5 were observed. 375 Biomarkers in Nasal Lavage Fluid Method A. Methodology summary: The nasal cavity is one of the first targets of inhaled toxicants, particularly in humans who are typically nose breathers. The collection of nasal lavage fluid (NLF), or the fluid that lines the nasal cavity, is a noninvasive, easy, sensitive, atraumatic, and relatively inexpensive way to measure various types of inflammatory mediators in the upper airways. 376, 377 Simply, the researcher delivers a known volume of a saline solution into the nasal airways of a subject that is followed by a liquid recovery into a specimen cup. 377 Commonly measured biomarkers in the NLF include differential cell counts, cytokines, chemokines, and proteins. Bacteria can also be measured in NLF, although, to our knowledge, changes in the nasal microbiome have not been assessed as a health outcome with respect to air pollution exposures. In a currently published review article of changes in nasal biomarkers related to acute traffic exposures, time lags of 7 h to 7 days were used to find associations between pollutants and effect biomarkers. 251 B. Recommendations for taking measurements: To collect NLF, two main methods are generally used, although differing amounts of saline solution and amount of time for collection have varied between studies. The first method involves instilling a volume of fluid into one nasal cavity that is then expelled; this procedure is then repeated on the other side. The other method involves instilling a bolus of liquid into both nasal cavities simultaneously, which is then expelled and collected. In both methods, the fluid is generally left for 10 s before the subject leans forward to expel it. 378 A different but novel method for assessing levels of inflammatory mediators in nasal mucosa involves the use of a synthetic absorptive matrix (SAM) rather than lavage. 379 For this method, the SAM is placed, in strips, in the nasal cavity for 2 min, secured with a nasal clip. The strip is then removed and stored at − 80°C until analysis. To extract mediators off the SAM, 300 μl of assay buffer is added to the strip and centrifuged for 5 min. The analytes are then analyzed using a small volume system such as MesoScale Discovery. To date, this method, although promising, has not been used in air pollution studies of health effects. C. Bias and artifacts related to biomarker measurements from NLF: Previously published work has examined the effect of repeated measures, centrifuge settings, storage conditions, and freeze/thaw cycles on analytes measured from NLF. This work demonstrates a decrease in analytes if the lavage is repeated within 4 h of the previous lavage, no effect on analyte concentration at different centrifuge speeds, decreases in analytes with increasing storage time, and decreasing concentrations of analytes with increases in the number of freeze/thaw cycles. 376 It has also been suggested that variations in liquid type, temperature, and volume, as well as duration of contact between the liquid and mucosal surface, pressure of irrigation, and subject position may influence analyte concentrations. 380 Issues with dilution and detection of analytes may also be observed using nasal lavage, 379 as was evidenced by researchers of air pollution studies (See section Measure determinants other than air pollution). Thus, no special equipment is needed for the collection of NLF, which can make it an attractive method to be used in the field, although without immediately processing or freezing the NLF many analytes may degrade quickly.
Clinical implications of biomarkers in NLF. Although biomarkers measured in NLF can give an insight into the biological processes related to clinical disease expression, they are not currently used for clinical diagnosis. Among studies of asthmatics, one research group found that although subjects with asthma did not have elevated cytokine levels in NLF compared with those without asthma, asthmatics with higher levels of VEGF and TNF-α during a cold had an increased risk of virus-induced asthma exacerbations. 381 In contrast, Noah et al. 382 found that asthmatics had elevated IL-8 and ECP in lavage fluid compared with healthy and allergic nonasthmatic children. In allergic subjects, increases in albumin, bradykinins, and ECP were elevated during pollen season compared with nonallergic subjects. 383 Results from these studies suggest that the biomarkers chosen for analysis or specific subpopulations studied might give contrasting results.
Air pollution effect studies using biomarkers in NLF. A number of studies have measured biomarkers in NLF to assess health end points related to air pollution exposures. In a repeated-measures study of 100 children using air pollution data from a central monitoring station, increases in leukocytes and neutrophils were associated with increases in O 3 concentrations. 384 In addition, increases in IL-8 were positively associated with ozone in both asthmatic and nonasthmatic children. 247 When 170 schoolchildren underwent multiple nasal lavages, researchers found higher levels of ECP and leukocyte concentrations at the beginning of summer, when O 3 levels start to rise. 385 O 3 exposure has also been associated with increases in PMNs, [386] [387] [388] [389] CD11b, 387 tryptase, 388 IL-8, 389 eosinophils, 389 and albumin. 388 In 2011, Gomes et al. 390 looked at whether male athletes exercising in heated, humid, and polluted conditions experienced increased levels of oxidative stress and CC16 secretion. This group observed elevated glutathione to protein ratio and CC16 concentrations when the subjects were exercising in heated and humid conditions with O 3 , compared with heated/humid conditions or O 3 alone. Thus, from these results, it can be suggested that O 3 can inflict a proinflammatory response in the nasal cavity as measured by biomarkers in NLF.
Particle exposures have also been associated with increases in mediators measured in nasal lavage. In studies of children, PM 2.5 was associated with increases in leukocytes, neutrophils, and IL-8. 247, 384 In another work, a 2-h road tunnel exposure was associated with elevated concentrations of IL-10, IL-12, and TNF-α; the IL-10 levels were positively associated with PM 2.5 mass concentrations. 391 Further, DE particles have been associated with changes in IgE production, 392 and the beginning of pollen season was associated with increased eosinophils and ECP. 279 Finally, in a multipollutant model, cytokines measured in NLF were positively associated with OC, endotoxin, and NO 2 . 393 Therefore, in addition to O 3 , it appears that particles are able to induce a proinflammatory response in nasal lavage samples. However, exposures to NO 2 , 394 ambient pollutants across different cities, 395 VOCs, 396 or SO 2 397 have had no influence on measured biomarkers in NLF. Several studies have also included the use of a vitamin supplement, allergen challenge, and exposure to a live attenuated influenza virus to assess whether interventions in addition to pollutant exposures attenuates the selected biomarkers measured. In a study of 177 asthmatic children given either a supplement of vitamins or a placebo, increases in proinflammatory cytokines in NLF were only observed in the placebo group, and this result was associated with O 3 exposures. 398 In addition, when eight subjects with a history of seasonal allergies were exposed to NO 2 or air and then presented with an allergen challenge, increased levels of mast cell tryptase were found in the NFL under both air and NO 2 , and increases in ECP were only found after exposure to NO 2 and not air. 394 Furthermore, when a population of normal and allergyprone subjects were exposed to DE to assess the response of the subjects to live attenuated influenza virus, DE was found to activate eosinophils and increase virus quantity in the allergy group only. 399 From these studies, it appears that interventions can influence the mediators found in nasal lavage, suggesting that pollutants do interfere with the body's immune response to toxicants.
Modifying factors other than air pollution A. Meteorological factors: Ambient temperature and humidity might influence the levels of mediators measured in NLF. When subjects sensitive to cold or dry environments were exposed in a controlled manner to cold, dry air increases in histamine, prostaglandin-2, and TAME-esterase activity were elevated. 400 Epithelial cell shedding has also been associated with inhalation of cold, dry air. 401 Inhaling hot, humid air 1 h before an antigen challenge, however, was shown to increase eosinophil influx yet decreased early symptoms of the antigen challenge such as sneezing and congestion. 402 Thus, it is possible that in places with large seasonal weather differences, baseline variability in nasal lavage mediators might be observed. B. Personal characteristics: Personal characteristics, such as age and gender, may also influence the concentrations of analytes measured in NLF. One study of mothers and children undergoing nasal lavage found that higher total cell count, PMNs, and IL-8 were observed in the panel of children, suggesting age might contribute to proinflammatory markers found in NLF. 395 Concentrations of urea and albumin were different between male and female children, suggesting that gender might also influence nasal barrier integrity. 403 Women have also been found to express lower concentrations of IgE compared with males when both genders suffer from seasonal allergic rhinitis both before and after the pollen season. 404 Thus, both age and gender might influence certain mediators found in NLF and should be considered in study designs. C. Other metrics: Other metrics such as smoking status, food ingestion, and circadian rhythm have been shown to influence mediators measured in NLF. For instance, smoking status influences the levels of IL-8, cell differentials, and IL-6. 380 Increased levels of oxidative stress biomarkers have also been observed in smokers compared with subjects who did not smoke. 405 In addition, ingestion of sulforaphane, an antioxidant and chemopreventive agent found in broccoli, brussel sprouts, and cabbage, can also influence inflammatory markers in NLF. 406, 407 Finally, influences of circadian rhythm have been observed with neutrophils, epithelial cells, and total protein content when nasal lavages were conducted in subjects before and after a work shift, although changes in concentrations due to workplace exposures cannot be ruled out. 408 It is best to keep these metrics in mind when designing studies to measure biomarkers from nasal lavage.
Biomarkers in Urine Method
A. Methodology summary: Urine is one method by which the human body eliminates waste products, 409 and collection of urine for biomarker measurements has many advantages: it is noninvasive, can be obtained in large quantities, contains low concentrations of metals and organic content, and can be stored for years. [409] [410] [411] [412] [413] [414] In urine, biomarkers of oxidative stress are commonly measured. These biomarkers include F 2 -isoprostanes, aldehydes, and oxidation modifications of DNA. F 2 -isoprostanes are formed during nonenzymatic oxidation of arachidonic acid by free radicals, 415 are chemically stable, 416 and have not been found to be sensitive to dietary intake of lipids. 417 Aldehydes, which are formed by the peroxidation of polyunsaturated fatty acids, are quickly metabolized, 412 can be influenced by diet, 418 and are unstable. 412 Finally, oxidation modifications of DNA, such as 8-oxo-dG, have been validated in an animal model as a sensitive biomarker of oxidative stress, 419 with potential applications for use in human studies. B. Recommendations for taking measurements: To standardize the collection of urine samples, it has been recommended that second morning, random collection, or midstream collection be used. 410, 413, 420 With respect to preservatives, if the urine cannot be immediately frozen, adding substances such as sodium azide or boric acid is recommended to prevent bacterial growth. 410 Lowspeed centrifugation to remove cell debris, such as white and red blood cells or bladder epithelial cells, should be done 20-30 min after collection, before storage. 410, 413 Sample storage is recommended to be 20°C or lower, although one group has reported stabile samples stored at − 70°C for greater than 17 years. 410 C. Bias and artifacts related to biomarker measurements from urine: Time of urine collection might influence the results of a study, as first morning collection as well as 24 h collection may contain contamination from overgrown bacteria or bladder epithelial cells. 410 Storage time and temperature might also influence the stability of analytes, although one study has found that urine samples can be stored at or below room temperature (25°C) for 24 h without affecting the measurement of 8-hydroxydeoxyguanosine , and when stored at − 80°C 8-OHdG was stable for up to 2 years. 421 Interlaboratory differences can influence analyte concentrations, as well as the method used for quantification. 422 Clinical implications of biomarkers in urine. In air pollution research, the commonly measured urinary biomarkers include those for oxidative stress (OS) and lipid peroxidation. OS, as measured by the isoprostane concentration in urine, has been implicated as a key underlying marker for a range of acute and chronic diseases such as asthma, atherosclerosis, COPD, and diabetes. 423 In addition, OS can be assessed by hydroxylated nucleobases of DNA, such as C8-hydroxyguanine (8-OHGua), 8-OHdG, and 8-oxo-2′-deoxyguanosine (8-oxo-dG). These OSinduced DNA lesions are promutagenic and can act as biomarkers of carcinogenesis. 422, 424, 425 Air pollution effect studies using biomarkers in urine. The most commonly measured urine biomarkers in air pollution or occupational health studies are oxidation products of DNA. Increases in 8-oxo-dG have been observed in studies of chromate-exposed workers, 426 traffic-conductors, 427 bus drivers, [428] [429] [430] [431] [432] [433] guards working near roadways, 434, 435 and boilermakers. 436, 437 In addition, elevated levels of oxidative damage to DNA were found in children attending a school near a roadway, in comparison with children attending school away from roadways, as well as in children living in urban compared with rural locations. 438, 439 When 8-OHdG was measured in 125 healthy adults before, during, and after the Beijing Olympics, levels decreased during the cleaner air period during the Games. 258 Such associations have not been observed in all studies, however, and in children living in Copenhagen, no association was found between 8-OHdG and personal exposure to PM 2.5 and black smoke. 440 Similarly, no significant changes in urinary 8-OHdG were observed in 10 volunteers, with metabolic syndrome, exposed in the lab to filtered air vs DE, 441 nor were increases in 8-oxodG observed in a study of subjects living in areas of high pollution compared with those living in lower pollution-associated locations. 442 With respect to elderly populations, two studies (n = 320) found positive associations between 8-OHdG and OC, SO 4 3 − , PM 2.5 , O 3 , and NO 2 . 443, 444 Although 8-oxo-dG and 8-OHdG are studied most frequently, increases in 7,8-dihydro8-oxo-guanine (8-OHGua) were observed in volunteers exposed to car exhaust compared with a control group, 445 and increases in 8-oxoGuo and 8-oxodGuo were associated with benzene exposure in children. 446 Malondialdehyde (MDA) is another urinary marker of OS and lipid peroxidation. In one study of 560 elderly participants, urinary MDA was positively associated with PM 10 . 447 In 120 children in two Chinese and two Korean cities, positive associations were observed between ambient PM 2.5 and PM 10 with MDA levels in urine. 448 In contrast, regional-based differences in MDA were not observed in children and adults living in rural, compared with urban, locations. 449 15-f2t-isoprostane has also been assessed with respect to air pollution. When subjects with metabolic syndrome were exposed to filtered air and DE in a crossover study, no changes were observed, 441 whereas increases in 15-f2t-isoprostane were observed in bus drivers compared with controls; these increases were associated with concentrations of PAHs, benzo-a-pyrene, PM 2.5 , and PM 10 . 430, 432, 433 Other less common biomarkers measured in urine include DNA strand breaks (comet assay), Clara Cell Protein 16 (CC16), and renal damage markers. In a study of traffic conductors and indoor office workers, the occurrence of DNA strand breaks was elevated in the conductors. 427 PM 2.5 was associated with increases in CC16 in elderly persons with coronary heart disease, 450, 451 but not in a population of healthy participants. 452 When participants with lupus were measured for renal tubule cellular casts, which reflect damage to the tubule cells of the kidney, positive associations were found with PM 2.5 . 453 Other renal tubule damage biomarkers, such as N-acetyl-beta-D-glucosaminidase, beta-galactosidase, alanine aminopeptidase, and retinol-binding protein, have been assessed in dry cleaners exposed to tetrachloroethene; it was found in this study that retinol-binding protein was increased in the exposed compared with the nonexposed group. 454 In looking at disturbances of the cytochrome P450-aided oxygenation of xenobiotics in the human liver in children living near chemical and mining operations, associations were observed with exposure to SO 2 and [15N]methacetin. 455 Finally, using the Ames test, the urine of bus drivers was found to induce more mutations compared with mail carriers. 456 Thus, measuring biomarkers in urine samples represents a noninvasive manner to explore various oxidation products, as markers of oxidative stress and lipid peroxidation. As many studies have found associations with selected biomarkers in urine and a variety of air pollutants, and it is fairly easy to collect, urine appears to be a good and promising matrix for analyses.
Modifying factors other than air pollution
A. Meteorological factors: To our knowledge, no researchers have examined whether ambient temperature or humidity during urine collection can influence biomarkers of interest in air pollution studies. B. Personal characteristics: Inconsistencies have been seen between papers assessing how personal characteristics such as gender, age, exercise, and alcohol consumption influence baseline urinary biomarker values, particularly with 8-OHdG. In one study, Pilger et al. 457 discovered that gender could influence 8-OHdG measurements, but when controlled for body weight the gender influence disappeared and no effect of age, body weight and BMI was found. On the contrary, another study identified gender and BMI as characteristics influencing urinary levels of 8-OHdG. 458 A third published work found that age was positively associated with 8-OHdG, whereas BMI and fasting insulin levels were negatively associated in healthy Japanese people. 459 It is possible that differing methods for analyte quantification could influence the results, as there are two accepted methods for measuring urinary 8-OHdG (mass spectroscopy and ELISA). C. Other metrics: Diet, diurnal variability, exercise, and smoking may influence biomarkers found in urine. For example, the amount of meat eaten or cooking procedures (i.e., high or low temperature to cook meat) can influence urinary MDA concentrations. 418 Oxidation modifications of DNA, such as 8-OHdG, have been found to exhibit diurnal variability, 457 cautioning researchers to take the time of collection into account when designing studies. Current research has also suggested that exercise can influence biomarkers measured in urine; CC16 has been observed to increase after exercise in asthmatics and healthy controls, regardless of gender. 460 Finally, the smoking status has been found to influence 8-OHdG levels, with smokers having increased DNA oxidation products compared with nonsmokers. 457, 458 Biomarkers in Exhaled Breath Condensate Method A. Methodology summary: Many compounds in exhaled air are associated with increasing levels of inflammation or OS in the lungs. These compounds can be collected and quantified through the cooling and subsequent condensing of exhaled breath after exposure to inhaled toxicants. 461 Exhaled breath condensate (EBC) contains three main constituents: (1) water that represents nearly all the volume of EBC; (2) aerosolized particles of airway lining fluid (ALF), which are suspected to be torn away from the airway epithelium during exhalation and aerosolized; and (3) watersoluble gases that were absorbed by water condensing during collection. [461] [462] [463] [464] [465] [466] The numerous measureable biomarkers and the noninvasive nature of EBC make this technique applicable for potential application in disease diagnosis, assessment of lung inflammation, monitoring disease therapies, early prediction of diseases, and monitoring the effects of exposure to air pollutants. 467 B. Recommendations for taking EBC measurements: For EBC collection, it is recommended that each subject, while sitting and wearing a noseclip, breathe tidally into the EBC collection device for 10 min. It is possible that collection times may vary between studies, but the time of collection should be kept the same within any particular study. For a 10-min collection time, it is estimated that 1-2 ml of condensate can be collected. 462, 465 The use of a saliva trap has been recommended by the ATS/ERS Task Force for the methodological collection of EBC to remove saliva contamination during sampling. 461 The condensing device should be made of inert material, if the device is to be handmade rather than commercially purchased. Commercially purchased devices include Zeba Medical's ECoScreen or Respiratory Research's R-tube. Samples should be immediately frozen after collection and stored at − 70°C until analyzed. C. Bias and artifacts related to EBC collection: There can be considerable variability in collection methods, storage, and analysis for EBC biomarkers. EBC can be collected using commercial or handmade devices, and cooling temperature, material of the condensing surface, cooling method, and tubing length can affect the device's efficiency and accuracy. 461, [468] [469] [470] With respect to storage, each biomarker of interest has preferred storage criteria with stability ranging from hours to days. [471] [472] [473] As a wide variety of biomarkers can be measured within one EBC sample, stability issues and storage time might limit what can be accurately quantified. Analyte instability should be minimized by selecting biomarkers in advance and assessing how long and under what conditions they remain constant. It is also important to consider that, due to the nature of EBC, most of the analytes of interest are present in small quantities, often near the limit of detection, which can cause variability in measured concentrations. 251, 466 In addition, the EBC matrix, which contains a highly dilute, low protein aqueous solution, might not be suitable for some assays unless standards are in a complementary matrix. 462 Variations in analyte dilution can arise from differences in exhaled volume, as well as the size of the aerosol droplets from the AFL. 471 To address this issue, various studies have standardized their analytes of interest using ion measurements, 464, 474 conductivity, 474 total protein, or urea. 474 The room temperature, while performing assays, may also influence measurements, as pH in EBC was elevated when the temperature of the laboratory was elevated. 475 Clinical implications of EBC biomarkers. Biomarkers of inflammation (i.e., NO and cytokines) as well as markers of OS (i.e., hydrogen peroxide (H 2 O 2 ), isoprostanes, and aldehydes) are commonly measured in EBC. Although no biomarkers have been validated for clinical use, many studies have observed associations between these biomarkers and the presence of certain diseases. Owing to the extensive list of EBC biomarkers, only biomarkers relevant to air pollution and correlated diseases, such as asthma, will be discussed. Asthmatics have been shown to have elevated H 2 O 2 and MDA concentrations in their exhaled breath, [476] [477] [478] as well as elevations in nitrite, nitrate, and pH. 479 Likewise, people with pulmonary fibrosis have increased levels of both H 2 O 2 and 8-isoprostane. 480 In subjects with lung cancer, elevated levels of TNF-α have been observed, whereas elevated VEGF was found in the EBC of people with advanced-stage lung cancer compared with early-stage cancer. 481 In subjects with COPD, decreases in pH were observed. 482 A recently published review article by Kubáň and Foret 483 outlines the potential of EBC biomarkers for clinical diagnosis and monitoring in great detail and will not be discussed in the current review.
Air pollution effect studies using EBC. Assessing the impact of air pollutants on EBC biomarkers is still relatively young, with the earliest paper going back to 2002. 484 Healthy populations were studied in eight out of 17 EBC studies that matched our review criteria, and the effects of ambient air pollution, O 3 , or DE were assessed. Overall, the pollutants were associated with increases in MDA, 8-isoprostane, polar carbonyls, nitrite and NO 3 − , thiobarbituric acid (TBARs), leukotriene B4, and decreases in pH and NO 2 . These increases in biomarkers were associated with increases in O 3 , 484-486 PM 1 , 487 ambient air pollution before and following the Beijing Olympics, 488 and PM 2.5 . 258 However, no changes were observed in subjects exposed to DE, 486 whereas another study showed no association with O 3 , PM 2.5 , or NO 2 . 247 EBC biomarker changes have also been studied in nonhealthy populations exposed to air pollutants. In both asthmatic children and asthmatic adult populations, changes in biomarkers were observed with increases in coarse PM, 489 492 and SO 2 . 274 One study, however, found no association between ambient pollutants and EBC pH in asthmatics. 269 Other populations, such as wheezing children or adults with coronary heart disease, have also been evaluated with response to pollutants. In wheezing, children exposed to ambient pollutants, PM 10 , PM 2.5 , NO 2 , benzene, and ethylbenzene were associated with decreases in EBC pH, 280 whereas no association was found for CAPs and 8-isoprostane or nitrotyrosine in people with coronary heart disease. 493 No associations, regardless of population demographics, were observed for H 2 O 2 , 484 glutathione, 487 274 or prostaglandin E2 485 using EBC collection in studies measuring O 3 , PM 1 , and PM 2.5 .
In general, the collection and analysis of EBC in air pollution studies has been a useful noninvasive tool to identify lung inflammation, as the majority of studies have demonstrated increases in biomarkers found in EBC following air pollution exposure, and positive associations were found between biomarkers and O 3 , PM, NO 2 , BC, and SO 2 .
Modifying factors other than air pollutants A. Meteorological factors: One study sought to examine the influence of relative humidity and temperature on EBC pH. The results of this work found that EBC pH decreased significantly with humid, cold fronts and inversely increased with when measured during a dry, warm front, suggesting that meteorological conditions can influence biomarkers collected in EBC. 494 In addition, in study subjects exercising at two different temperatures, elevated H 2 O 2 was observed after exercising compared with resting and exercising at laboratory conditions. 495 It is thus possible that ambient temperature or relative humidity could influence specific biomarkers collected from EBC. B. Personal characteristics: Work done by Bloemen et al. 496 suggested that age, height and gender might explain betweensubject variability in pH and total protein measured from EBC. In corroboration of these results, studies have found higher concentrations of H 2 O 2 in older adults, compared with younger adults and children, 497, 498 in contrast to other work where age was not associated with EBC pH. 499 Likewise, among a panel of children, one study demonstrated that there was no difference in H 2 O 2 concentrations based on gender. 498 Owing to the contradicting results from studies trying to identify whether personal characteristics influence different markers in EBC, it is possible that the different analytes of interest may have differing influences from personal characteristics that cannot be neatly or conclusively summarized. C. Other metrics: Smoking status, exercise, circadian rhythm, and beverage consumption have been shown to affect certain biomarkers in EBC. In a study comparing healthy nonsmokers with healthy smokers, healthy smokers had a higher 8-isoprostane level. 500 Other studies have shown elevated H 2 O 2 in smokers compared with nonsmokers. 497, 501 In the work assessing whether exercise might influence analytes measured in EBC, increases in H 2 O 2 , pH, and ammonia were found; 494, 502, 503 however, no influence of exercise on H 2 O 2 and TBARs in EBC was shown in one study. 497 The influence of beverage consumption and its effect on EBC measurements has also been researched. This study, in which healthy participants drank either 1 l of soda or mineral water, found that after consuming either of the beverages, the pH of EBC significantly decreased. 504 Finally, diurnal variability was observed in a study of healthy subjects undergoing EBC when measuring for H 2 O 2 . 497 
Buccal Cells and Micronuclei Measurements Measurement
A. Methodology summary: The oral epithelium is comprised of four strata: the lamina propria (connective tissue), the basal cell layer (stratum basale), prickle cell layer (stratum spinosum), and the keratinized layer at the surface. [505] [506] [507] Within the basal cell layer, there is constant cell turnover in which the older cells are being replaced with new cells during mitosis. As this occurs, the older cells eventually migrate into the keratinized layer at the surface replacing those that are shed. Once at the surface of the oral epithelium, these cells (i.e., buccal cells) can be collected by swabbing the inside of the mouth. Any abnormalities that occurred during cell division will eventually make their way into this surface layer and can be assessed for cell damage. The analysis of buccal cells, especially for studies assessing damage from the inhalation of toxic substances, can be important because these cells form the first barrier against orally inhaled particles and gases. 505, 506, 508 Biomarkers of genomic damage, such as micronuclei (MN), are commonly measured from buccal cell swabs. MN are fragments or whole chromosomes that were unable to reach the spindle poles during mitosis and are left lagging behind during anaphase. 505, 508, 509 Obtaining buccal cells is advantageous because it is noninvasive, requires no ex vivo cell replication step or cell culture set-up, and is technically simple to perform. 506, 508 B. Recommendations for obtaining buccal cells: It is hypothesized that one nuclear division in oral mucosa cells occurs every 20-30 h, and after an exposure to potentially genotoxic substances, 2-3 weeks will pass until changes in the DNA of the buccal cells can be observed. 508, 509 The HUman MicroNucleus project on eXfoLiated buccal cells (HUMNxl) details the suggested methodology for collection and cell count for the most accurate assessment of MN using buccal cells. 510 The authors suggest that buccal cells be collected with a small-headed toothbrush for the generation of single-cell suspension, 510 the most commonly used method for buccal cell collection. 508 A minimum of 4000 cells/ subject should be counted for the most accurate determination of MN frequency. This recommendation of cell count was further supported in previous work. 509 C. Bias and artifacts related to obtaining buccal cells and MN frequency determination: It was observed that MN frequency was greatest when metal spatulas were used for cheek scraping, and lowest when a Cytobrush was used. 508 For slide preparation, cytocentrifugation is suggested, 510 although previous work found that there was no statistically significant difference between the MN frequency using cytocentrifugation and directly applying the cells to the slide. 508 Fenech et al. 510 recommended that the buccal cells be fixed and stained using the Feulgen-Fast Green method, described as being the most specific and versatile of the DNAstaining methods. An independent meta-analysis comparing the background MN frequencies using a variety of methods found that those studies that used Giemsa and Acetorcein showed significantly higher MN frequencies compared with the Feulgen-Fast Green method, and the scoring criteria (i.e., Tolbert or Titenko-Holland) did not influence the MN frequency. 508 Finally, factors such as how the cells are collected, how the cells are fixed, staining techniques used, the number of cells counted, inter-and intrascoring variability, and the scoring criteria applied can affect the frequency of MN measured. 505, 508 Clinical implications of MN measured in buccal cells. It is possible that these MN are predictive for cancer 505 or CVD, 508 and they can reflect exposure to chromosome-damaging agents as well as defects in mitosis and/or DNA repair. 509 The mean, spontaneous background frequency of MN in the general, healthy population was calculated as 0.5-2.5 MN/1000 cells. 506, 509 Air pollution effect studies measuring MN frequency in buccal cells. The majority of the papers utilizing buccal cells to determine MN frequency in air pollution studies compared MN frequency between populations based on differing occupations. Increases in the frequency of MN obtained from buccal cells were noted for road construction workers, 511 painters, 512, 513 shoe workers, 514 petrol station attendants, 507 subjects living in urban vs rural areas, 358 and subjects exposed to pesticides 515 or traffic pollutants; 516 no changes in MN frequency were observed when subjects were exposed to pesticides, 517, 518 in agricultural workers, 519 or in subjects residing downwind of an oil refinery. 520 In a study of African American children and mothers, in which their residence was assessed in relationship to major roadways, O 3 exposure was positively correlated with MN frequency in the children. 521 O 3 was also implicated when the MN frequency of 126 university students was assessed, in which measurements were taken during low and high O 3 periods, 522 although a contrasting study of medical students with O 3 exposures showed no change in MN frequency. 523 It is possible that the results obtained could have been impacted by the heterogeneity of collection methods as well as the selection of control subjects.
Modifying factors other than air pollutants A. Meteorological factors: To our knowledge, no work has looked at influences of temperature and relative humidity on MN frequency in buccal cells. B. Personal characteristics: Age and gender are thought to be covariates in studies of MN frequency found in buccal cells. 509 As part of a meta-analysis for the HUMN(XL) project, researchers found that age, but not gender, was associated with increases in MN frequency. 508 It partially contrasts the conclusions drawn by Pastor et al., 517 who found that both age and gender influence MN frequency. Other work found that increases in MN frequency were associated with both age and female gender. 510 C. Other metrics: Many other metrics have been explored to determine whether they influence MN frequency as measured in buccal cells. In a meta-analysis, no differences were found for alcohol use among subjects, yet changes in MN frequencies were observed when subjects were stratified by diet (i.e., fruit consumption). 508 Additional studies have found that vitamin use, such as vitamin A and beta-carotene, can affect the frequency of MN observed. 524 One study looking into the MN frequency of farmers exposed to pesticides found that the MN frequency was directly influenced by red meat consumption. 518 Further occupational exposures to solvents, PAHs, arsenic, radiation, and gasoline have been associated with increases in MN frequency. 508 An additional increase in MN frequency was observed in subjects with the following disease strata: oropharyngeal tumors, respiratory tumors, leukoplakia, and Down Syndrome. 508 Finally, some studies have found that smoking status influenced MN frequency. 508, 510, 517 
CONCLUSION
There are a variety of noninvasive health end points that allow researchers to assess the potential harm of environmental pollutants in human subjects ( Table 1) . Many of these end points are suitable to measure in field studies, although equipment limitations for some end points limit their use. Although most of the noninvasive measurements were found to be adversely affected by air pollutants, the choices of study design and populations can lead to differences in the results obtained for many measurements. As many research groups have tried to standardize the collection of noninvasive human end points for a better comparison between studies, we hope this review acts as a guide for future field studies on the health effects of ambient air pollution.
The methods used for taking cardiovascular measurements has been well documented and outlined in previous review articles and briefly discussed in this paper. Temperature and noise appear to be two of the largest external factors for air pollution-related studies that can influence the described measurements. Both blood pressure and HRV can be measured in a field setting, whereas vascular function measurements require sophisticated equipment that is not easily portable. Respiratory measurements overall are easy to take in a field setting, although ambient concentrations of the selected gases to be measured (i.e., NO or CO) can influence the measurement output. Personal characteristics such as age and gender, as well as smoking status, can Table 1 . Summary of 11 noninvasive measurements used in air pollution studies, their commonly measured targets, ease of use in a field setting, and modifying factors.
Measurement
Commonly measured targets Ease of use in the field
Modifying factors
Blood pressure SBP, DBP, pulse pressure, mean arterial pressure modify the respiratory measurements and should be taken into account when designing studies. Contrary to respiratory measurements, measuring for biomarkers in specimen samples is difficult in a field setting. Although the collection of samples may be possible in a field setting, requiring immediate storage or processing of samples in a laboratory setting makes their use more difficult in field work. Thus, in a remote field setting, cardiovascular and respiratory measurements are the easiest to take, whereas biomarker quantification in biological samples still remains a challenge (Table 1) .
